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ABSTRACT Apolipoprotein J (apoJ) is a sulfated secreted
glycoprotein that exhibits ubiquitous expression, evolutionary
conservation, and diverse tissue inducibility. It has been pro-
posed to have roles in programmed cell death, sperm matura-
tion, complement regulation, and lipid transport. To identify
cell types that synthesize apoJ and to aid evaluation of its
function, we screened mouse and human tissues by in situ
hybridization. ApoJ was expressed at high levels in an array of
specialized cell types of adult and fetal mouse tissues and in
similar cell types of human tissues. Most of these cell types are
highly secretory and form the cellular interfaces of many fluid
compartments. This group includes epithelial boundary cells of
the esophagus, biliary ducts, gallbladder, urinary bladder,
ureter, kidney distal convoluted tubules, gastric glands, Brun-
ner's glands, choroid plexus, ependyma, ocular ciliary body,
endometrium, cervix, vagina, testis, epididymus, and visceral
yolk sac. Several nonepithelial secretory cell types that express
high levels of apoJ also line fluid compartments, such as
synovial lining cells and ovarian granulosa cells. In the context
of its known biochemical properties, this expression pattern
suggests that localized synthesis of apoJ serves to protect a
variety of secretory, mucosal, and other barrier cells from
surface-active components of the extracellular environment.

Apolipoprotein J (apoJ¶) is an intriguing, ubiquitous, and
highly conserved protein thought to be involved in a variety
of biological processes, including lipid transport, sperm mat-
uration, regulation of the complement cascade, programmed
cell death, and membrane recycling (for review, see ref. 1).
Its expression is induced in several pathological conditions,
including neurodegenerative processes (2, 3) and testoster-
one withdrawn prostatic involution. Mature apoJ is a het-
erodimer composed of disulfide-linked subunits (Ja, -35
kDa; JP, -37 kDa) derived by proteolysis of a 70-kDa
precursor subjected to post-translational processing and in-
tracellular trafficking in a number of different cell types
(4-10). ApoJ is present in numerous physiological fluids,
such as urine, breast milk, cerebrospinal fluid (4, 11), semen,
and human plasma (4, 12, 13). In plasma apoJ is present in
high-density lipoproteins associated with lipid and apoAl (12,
14, 15).

Speculations about apoJ function have been based on its
interactions and biochemical properties and only limited
information about its tissue expression pattern. The mRNA
is present in nearly all mammalian tissues, albeit at different
levels. Evaluation of the cellular sites of its synthesis has
been limited to only a few organ systems-chiefly, the testes
and kidney (16-21). To gain insight into potential physiolog-
ical role(s) of apoJ, we used in situ hybridization to localize
its sites of synthesis. The results indicate a striking expres-
sion of apoJ in highly restricted epithelial and other secretory

cell types in diverse tissues. This expression pattern suggests
that apoJ has a basic physiologic function common to diverse
cell types that cannot be explained by some ofthe specialized
functions proposed for apoJ in any single organ. Because of
its unique biochemical properties, apoJ is likely to be par-
ticularly important to certain mucosal epithelial and other
barrier cells exposed to potentially damaging agents present
in complex aqueous environments. We propose that the
primary function of apoJ is to stabilize cell membranes at
diverse fluid-tissue interfaces.

MATERIALS AND METHODS
For in situ hybridization, mouse and human apoJ sense and
antisense RNA probes were synthesized with 35S-labeled
rUTP from plasmids that contained the 1.4-kb mouse apoJ
cDNA insert from clone 5-1 (S.D.L. and J.A.K.H., unpub-
lished results) or the 741-bp fragment from the 3' of the
human apoJ cDNA from clone A1-3 (8). CD-1 mice and
human tissues were perfused and fixed overnight in 4%
(wt/vol) paraformaldehyde in phosphate-buffered saline,
cryoprotected, and embedded. Sections (6-8 Am) were air-
dried on silane-coated slides, postfixed, prehybridized, hy-
bridized, ribonuclease digested, and washed as described
(22), using 0.1 x standard saline citrate at 50'C (final strin-
gency). Slides were exposed for 7-10 days.

RESULTS
Gastrointestinal Tract. Moderate and intense expression of

apoJ mRNA was detected in many epithelial cell types of the
mouse digestive system, but only in derivatives of the prox-
imal gastrointestinal tract. Tongue mucosa was negative, but
substantial apoJmRNA was evident in mature epithelial cells
of the esophageal and forestomach squamous mucosa (Fig. 1
A and B). Compared to more proximal forestomach squa-
mous epithelium, glandular stomach mucosa exhibited much
higher apoJ mRNA, specifically in glandular epithelial cells
and mucin-secreting cells (Fig. 1B). Within single gastric
glands, high expression occurred in chief cells (Fig. 1C), but
not parietal cells. In the proximal stomach, mucin-secreting
cells of the surface mucosa were strongly positive (Fig. 1B).
However, in the more distal stomach, mucous cells at the
surface were negative, but the mucous cells at the base of the
glands were strongly positive. Brunner's glands, which occur
only in the proximal duodenum and have been proposed to
serve'local and distal protective functions, exhibited intense
apoJ signal (Fig. 1D). In contrast, no apoJ mRNA was
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FIG. 1. Localization ofapoJ expression by in situ hybridization. All tissues are from adult mouse except as indicated. (A) The esophagus shows
signal (bright grains, *) that localizes to the superficial squamous epithelium. No signal is present in the germinal epithelial cells of the basal layer
(arrowhead). (B) Low magnification of stomach, with squamous epithelial-lined forestomach on the right and glandular mucosa on the left. The
forestomach shows moderate signal (arrowhead) in the superficial epithelium, similar to the esophagus. The more proximal glandular mucosa shows
intense signal in the upper half (*), which includes the neck of the gastric glands and the mucin-containing surface cells. There is weaker signal
in the lower half of the mucosal layer (square) where the gastric glands are located. In the more distal glandular mucosa to the left, the overall
signal is less intense and restricted to the midportion of the mucosal layer (circle), which contains mostly mucin cells. (C) High magnification of
stomach gastric glands from the proximal glandular mucosa. There are no grains over the acid-producing parietal cells (arrows), but the smaller
chiefcells show high-level apoJ expression (arrowheads). (D) In the duodenum there is strong signal only in the Brunner's glands (black arrowhead),
with no signal in the overlying mucosal epithelium (white arrowhead). The acinar cells of the pancreas (circle) also show apoJ expression. (E)
Sense-strand control is entirely negative in the gallbladder (arrowhead) and the liver (circle). (F) The gallbladder epithelium is strongly positive
with antisense probe for apoJ (arrowhead), and there is diffuse signal in the liver (circle) shown in the lower halfofthe photomicrograph. (G) Higher
magnification of liver, showing diffuse signal in hepatocytes and intense signal in the bile ducts (arrowhead) in the portal regions. (H) In a 17-day
mouse embryo abdominal viscera, intense signal occurs in intra- (black arrowhead) and extra- (white arrowhead) hepatic biliary ducts, pancreatic
glandular tissue (ir), virtually all metanephric kidney tubules (A); moderate signal occurs in hepatocytes (A); and no signal occurs in the small bowel
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(white circle). (I) In the testis, signal is restricted to the Sertoli cell layer (arrowhead). (J) There is intense signal in the head of the epididymus in the
tubular epithelial cells (arrowhead). (Kand L) In the female genital tract, signal is present in the surface epithelial cells (white arrowhead) and glandular
epithelium of the endometrium (black arrowhead) (K) and in the granulosa cell layers (arrowhead) lining an active ovarian follicle, but not in the
adjacent inactive follicles (*) (L). (M) In the renal cortex, signal is only present in the distal convoluted tubular epithelium (arrowhead). (N) In the
heart, strong expression occurs uniformly throughout the right atrium (*). No signal is present in the ventricle (left halfofphotomicrograph), but there
is moderate signal over smooth muscle cells of the pulmonary artery (white arrowhead) and an intramural coronary artery (black arrowhead). (0) In
ahigher manication ofheart, signal occurs overthe atrial myocytes (arrowhead) but not the ventricularmyocytes (*). (F) In the bnin, the ependymal
lining (black arrowhead) and the choroid plexus epithelium (white arrowhead) are strongly positive. (Q) In the eye, the epithelial cells of the ciliary
process (*) that project into the posterior chamber (arrowhead) are strongly positive. (R) In the Harderian gland, the active glands show intense apoJ
message, but no signal is present in adjacent inactive glands. (S) In the placenta, pronounced expression occurs throughout the yolk sac membrane
epithelial cells (arrowhead). (Tand U) No signal is detectable in adult lung (7), but in 17-day fetal lung, there is intense signal in the periphery of the
lobules within epithelial cells ofthe budding bronchioles (arrowheads), but not in the epithelial cells of mature bronchi (small arrowheads) (U). (V-X)
In human tissues, a high level of apoJ was detected in gallbladder mucosal epithelial cells (V), synovial lining cells from a hipjoint (W), and collecting
tubular cells of the renal medulla (X). All sections have been counterstained with hematoxylin/eosin. (C) Bright-field illumination. (A, B, D-X)
Dark-field illumination. (Bars: A, B, D-N, P-X, 100 g&m; C and 0, 10 gm.)
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detected in any of the other cell types of the duodenum,
jejunum, ileum, appendix, or colon.

Other gastrointestinal organs also expressed a high level of
apoJ mRNA. In the liver, modest apoJ mRNA was present in
hepatocytes compared to high-level expression in bile duct
epithelial cells (Fig. 1 F and G). Pancreatic acinar cells were
strongly positive, as were the pancreatic duct epithelial cells,
extrahepatic biliary ducts, and gallbladder epithelium (Fig. 1
D and F). No apoJ mRNA was present in the pancreatic
islets. Salivary glands such as the submaxillary gland did not
express apoJ message except for occasional ductal epithelial
cells. In a fetal mouse of 17-day gestation, a similar distri-
bution of apoJ mRNA was seen in the gastrointestinal system
(Fig. 1H).

Genital Tract. In the male genital tract, apoJ mRNA was
highly restricted to several sites that have been described
(19). In the testis (Fig. 1I), apoJ mRNA was limited to the
Sertoli cells lining the seminiferous tubules. In the caput
epididymus (Fig. 1J), intense apoJ signal was uniformly
present in the epithelial cells lining all of the tubules. Less-
intense signal occurred in the epithelial cells lining the ducts
of the caudal epididymus (data not shown). No apoJ mRNA
was evident in the vas deferens. In the prostate, only weak
signal was evident in rare small prostatic ducts where they
opened into the prostatic urethra. There was also no apoJ
mRNA present in the seminal vesicle or Cowper's gland (data
not shown).

In the female reproductive tract, strong apoJ signal was
localized in the uterine endometrial surface epithelium and in
endometrial glands (Fig. 1K) and similarly in epithelial cells
in the fallopian tubes, endocervical, cervical, and vaginal
mucosa (data not shown). Granulosa cells lining larger ma-
ture follicles also expressed apoJ message (Fig. 1L).

Urinary System. Abundant apoJ mRNA was evident in the
cortex ofthe kidney, restricted to the epithelial cells lining the
distal convoluted tubules (Fig. 1M). There was no detectable
apoJ mRNA in the glomeruli, proximal, or medullary tubular
epithelial cells. The transitional epithelium lining the calyces,
pelvis, ureters, and bladder expressed moderate levels of
apoJ message. The immature kidney differed from the adult
kidney in that apoJ mRNA was present in virtually all of the
primitive metanephric tubules and in the primitive epithelium
lining the renal pelvis (Fig. 1H).
Other Organs and Tissues. In the heart, apoJ was strongly

and uniformly expressed in myocytes of both the right (Fig.
1 N and 0) and left atrium. No signal was detected in the
ventricular myocardium. Weak apoJ signal was present in the
smooth muscle cells in the wall of some large and medium-
size arteries. In the brain, apoJ message was present in the
epithelial cells of the choroid plexus, ependymal cells lining
the ventricles (Fig. 1P), and the central canal of the spinal
cord (data not shown). Also in the brain, a significant
subpopulation of neurons and glial cells exhibited moderate
expression (data not shown). In the eye, epithelial cells lining
the ciliary body expressed a high level of apoJ message (Fig.
1Q). In adrenal cortical cells, moderate apoJ signal occurred
in the glomerulosa layer and a weaker signal occurred in the
fasiculata and reticularis layers (data not shown). ApoJ
message was not detected in thyroid follicular cells or in the
anterior pituitary (data not shown).

In the Harderian gland (Fig. 1R), a secretory gland in the
posterior aspect of the orbit, strong signal was present.
Glands that expressed apoJ message were lined by low
cuboidal cells, had dilated lumens, and frequently contained
pigmented secretions. These morphologic features are char-
acteristic of actively secreting glands (23). Glands that did not
express apoJ appeared to be inactive on the basis of their tall
columnar lining, their small lumens, and the absence of
secretions.

In the mature placenta (Fig. 15), apoJ signal was present
only in epithelial cells lining the visceral yolk sac membrane
where it was very intense. ApoJ message was absent in
mature lungs (Fig. iT). The developing lung, however,
showed strong apoJ expression in the epithelial cells lining
the distal portions of the budding bronchioles and alveolar
ducts (Fig. 1U). This expression disappeared in the lung 1-2
days prior to birth. The respiratory epithelium lining the
trachea and larynx were also negative, but the submucosal
glands in these organs expressed a high level ofapoJ message
(data not shown).
Human Tissues. In the limited number of human tissues

studied, apoJ was expressed by many of the same cell types
that exhibited expression in mice. Gallbladder showed in-
tense signal, tightly restricted to the mucosal epithelial cells
(Fig, 1V). In the liver, strong signal occurred in hepatocytes;
intrahepatic bile ducts showed weaker signal compared to
that seen in the mouse (data not shown). In synovial cells
lining the hipjoint, very strong apoJ signal was detected (Fig.
1W). The kidney showed strong signal in distal tubular
epithelial cells in both the cortex and medulla (Fig. 1X).

DISCUSSION
ApoJ-expressing cells constitute a class of cell types defined
by several striking features. Cells expressing high levels of
apoJ occur over a wide anatomic range, but they are pre-
dominantly epithelial and tend to line compartments contain-
ing biologically active fluids such as gastric secretions, pan-
creatic juice, urine, bile, and Harderian gland secretion.
Combining these observations with apoJ's known biochem-
ical properties (for review, see ref. 24) suggests that apoJ
regulates stability of the membrane boundary between fluid
and tissue compartments. Mechanisms by which biliary
epithelial cells (25) or cells ofthe Harderian gland (23, 26, 27),
noted for their capacity to secrete bioactive and bactericidal
lipids, can maintain their integrity are generally unknown. At
these boundary interfaces, apoJ could contribute to the
ability of cells to secrete or resist surface-active molecules.
The fact that similar cell types secreting similar products

differ dramatically in apoJ expression suggests that the
primary synthetic products of cells do not control or require
apoJ expression. Surface mucous cells, for example, secrete
carbohydrate-rich glycoproteins. Those in the stomach ex-
press apoJ, but distal bowel goblet cells do not. Similarly,
mucinous epithelial cells of tracheobronchial submucosal
glands express a high level of apoJ mRNA, but related
mucous cells of tracheal surface epithelium do not. Hetero-
geneity in apoJ expression combined with other evidence (28)
of phenotypic heterogeneity among tracheobronchial epithe-
lial cells in distinct anatomic locations argues that compo-
nents of the extracellular milieu determine the requirement
for apoJ.

Several sites of high-level apoJ expression do not, how-
ever, appear to be exposed to harsh environments. Expres-
sion of apoJ in these cells could be required because of a
specific product or class of products as yet unrecognized. If
this were the case, the product is likely to be hydrophobic, as
suggested by apoJ's strong propensity to aggregate (24) and
the requirement for detergent to disrupt its interaction with
apoAl and lipid (15) or chromaffin granule components (29).
The high-level expression of apoJ in numerous sites exposed
to bioactive and hydrophobic compounds predicts that high-
expression sites not known to produce hydrophobic com-
pounds, such as atrial myocytes that secrete atrial natriuretic
factor and proenkephalin A via vesicles (30-32), are in fact
exposed to membrane-active molecules. Alternatively, these
cells may require apoJ to protect against cellular processes
that destabilize focal membrane domains, e.g., membrane
fusion.
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A notable property of apoJ is its massive induction during
programmed cell death in castration-mediated prostatic in-
volution (33-36), in several models of kidney injury (36), and
in neurodegenerative conditions of the brain (2, 3, 37, 38).
Since our results document a constitutive pattern of apoJ
expression in diverse cells unrelated to sites of cellular
involution, it is unlikely that apoJ mediates programmed cell
death. Skin, intestinal epithelium, and placental decidual
cells contain large numbers of cells undergoing programmed
cell death, but none of these tissues expresses apoJ mRNA
at detectable levels. Other investigators have shown (39) a
lack of correlation between apoJ and neuronal cell death.
Thus, an attractive hypothesis is that apoJ induction is a
reactive response to environmental changes rather than caus-
ative factor in cell death. In this manner, apoJ could be
thought of as an extracellular version ofa heat shock protein.
ApoJ has the biochemical potential to modify a number of

biochemical processes at fluid-tissue interfaces. ApoJ inhib-
its complement-mediated lysis (4, 40, 41) and interacts with
immunoglobulin (42). A variety of mucosal epithelial cells
synthesize complement components (43-47), but the role of
locally synthesized complement and complement inhibitors
(48) is unclear. If the localized expression of these compo-
nents determines important physiological and pathophysio-
logical processes, then aberrant expression of apoJ could be
deleterious. For example, human synovium, demonstrated
here to be a site ofhigh expression, also synthesizes a number
of complement components in patients with degenerative
joint diseases (49). Therefore, underexpression ofapoJ could
contribute to some types of joint disease. In the female
reproductive tract where high levels of apoJ mRNA are
expressed, complement produced by mucosal epithelial cells
has been shown to mediate antibody-dependent sperm lysis
(4, 6, 50). In this case, a failure to express apoJ could reduce
fertility. Extension ofour hypothesis ofapoJ's protective role
prompts consideration of whether increased expression of
apoJ could be of benefit. For example, increased presence of
the protein could act as an antiinflammatory agent in disease
sites where critical cell boundaries must be stabilized. Can-
didates include inflammatory joint disease, myocarditis, bil-
iary atresia, and atherosclerosis.

In summary, we believe the ability of apoJ to bind hydro-
phobic domains may allow it to interact with a broad range of
biological compounds. Its localized production by a variety
of specialized cells lining fluid compartments in fetal and
adult mice, and similar human tissues, suggests a fundamen-
tal and conserved role in maintaining many local environ-
ments. Its presence at cell surfaces and its ubiquitous pres-
ence in virtually all types of biological fluids may protect cell
membranes exposed to deleterious components. Surface-
active hydrophobic compounds and extracellular fluid phase
compounds could be neutralized at or near the cell membrane
by formation of soluble complexes. In this manner, apoJ may
play a fundamental role in protecting cellular membranes
exposed to potentially toxic hydrophobic moieties.
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